The sintering kinetics of real systems has been viewed as a process of transport of activated volume. Activated volume is a parameter that can be used to describe mass transport during the sintering process. It defines the movement of point defects and dislocations during the sintering process. A phenomenological equation has been defined using this parameter, which can be applied to analyze kinetics of the sintering process. It has been applied to analyze the sintering process of several disperse systems. Values obtained for parameters of the equation have also been analyzed.
Introduction
The basic moving force of the sintering process is free system energy that is reduced when a material is heated and material transport occurs by diffusion mechanisms, vapour transport or plastic flow [1] . Powder sintering at elevated temperatures leads to grain joining, reduction of the surface area and creation of grain boundaries. The driving force for material transport in sintering and grain growth is excess free energy associated with the surface and grain boundary. Excess free energy stored in a system directly activates material transport leading to system changes towards an equilibrium state [2] . From the thermodynamic point of view the analyzed system is not in equilibrium, which is the consequence of the presence of point defects and dislocations. Activated volume is a parameter that can describe mass transport during the sintering process as it defines the movement of point defects and dislocations during the sintering process [3] .
A phenomenological approach, based on the behaviour of real materials, enables establishment of a functional connection between parameters characteristic for sintering kinetics.
V. A. Ivensen [4] made one of the first attempts to explain sintering mechanisms. He performed a quantitative analysis of densification kinetics during sintering of porous bodies where he analyzed all processes occurring during sintering as phenomenologically elementary _____________________________ *) Corresponding author: maria@mi.sanu.ac.yu processes, defined by an elementary kinetics, which can be analyzed using simple quasichemical kinetic and empirical relations. He based his analysis of sintering kinetics on the assumption of a constant relative pore volume reduction during a certain time period independent of the starting compact porosity.
V. V. Skorokhod [5] analyzed the sintering process of real systems from the viewpoint of a rheological theory. He introduced the term effective viscosity and assumed that pore shrinkage is the consequence of dislocation-viscous flow. His theory is based on the phenomenological concept of generalized viscous flow of porous bodies.
M. M. Ristic and S. Jovanovic [6] analyzed the sintering kinetics from the viewpoint of possible application of the general process equation. Their starting assumption was that the process rate constant changed both with the temperature and time of sintering.
Physical principles of sintering kinetics based on the definition of activated volume [7] as a universal parameter of the defect structure of a material have been given in this paper. The results obtained were applied to an analysis of sintering iron powder [8] .
Sintering as the consequence of transport of activated volume
In [9] activated volume has been defined as:
where the diffusion coefficient D is defined as:
and R -is the gas constant, T -sintering temperature, ∆G -the change in free energy, ppressure, γ -geometric factor, a -crystal lattice constant, ν -Debey frequency.
Mass transport during the sintering process can effectively be interpreted as movement of the effective activated volume of the system. At the onset of sintering a system is characterized by a starting effective activated volume -v 0 . From the viewpoint of processes occurring during sintering, this process can be described as gravitation of the electronic system towards an equilibrium state, which also contains certain defects. The equilibrium state of а system can be characterized by an equilibrium activated volume v + . The effective activated volume of a system (v) at any moment during the sintering process is a parameter that with the increase of sintering time gravitates towards the value of equilibrium-activated volume.
From a physical viewpoint the effective activated volume of a system can be defined as:
where: N 0 represents the concentration of all defects at any given moment and N r -the equilibrium concentration of defects in the analyzed system.
According to [7] reduction of effective activated volume can be defined as:
where τ -is a time constant.
In the most general sense kinetics of the sintering process can be expressed in terms of the dependence of volume shrinkage of a material during isothermal sintering on the sintering temperature and time as [6] :
where K * -the sintering rate constant, which depends on the sintering temperature and time, n -a constant which depends on the process mechanism, s -a time constant, t -sintering time.
The sintering rate constant is then defined as: K * = K⋅ϕ(st) (6) where K represents the process rate constant to which the Arrhenius dependence can be applied:
where K 0 is a constant, R -is the gas constant, E -is the process activation energy and Tsintering temperature.
The parameter ϕ(st) represents a measure of the degree of sintering. If sintering is viewed as the consequence of the transport of activated volume, then the degree of sintering can be defined as the ratio between the equilibrium activated volume and the effective activated volume:
then taking into account eq. (4) we obtain:
is a constant defining the ratio between the starting effective activated volume and the equilibrium activated volume, s (=1/τ) -a time constant. Thus, the following equation can be used to describe the sintering kinetics:
Sintering of iron powder
Iron powder was pressed and then sintered in hydrogen atmosphere in the temperature interval of 873-1153 K for 1-116 minutes. The change of relative sample volume was measured and results obtained are given in table I. A detailed description of this procedure is given elsewhere [8] .
Discussion
The phenomenological equation defined has been successfully applied to analyze isothermal sintering of iron and the results obtained are given in fig. 1 . The advantage of the equation applied for the analysis of sintering kinetics of real systems is that starting from the general equation of sintering kinetics it uses activated volume as a parameter defining the degree of sintering. Thermodynamic formulation of activated volume enables definition of mass transport during the sintering process, regardless whether it occurs by diffusion processes or diffusion-viscous flow. As previously stated the dependence of the process rate constant K on the sintering temperature can be expressed using the Arrhenius dependence (eq. (7)) and it is given in fig. 2 . Parameter E in eq. 7 represents the activation energy of the responsible mass transport process (movement of activated volume) and in this case it is 39.195 kJ/mol K. It is interesting to compare the value of activation energy for transport of activated volume with other values of activation energy of the responsible mass transport process obtained by different methods for sintering iron (tab. II). We can see that all literature values are higher than the one obtained in this paper. It is closest to the values obtained for sintering nano-iron powder in H 2 [10, 13] . First iron powder does not behave the same in H 2 and vacuum. In [10] they explain lower activation energy for sintering in H 2 as related to two possible phenomena: the first associated with the chemical ability of hydrogen to reduce oxygen and the second to the physical property that hydrogen acts as a lattice-defect catalyst. Activated volume defines the movement of point defects and dislocations during the sintering process, thus resulting in smaller values of activation energy. During the sintering process the analyzed system is not in equilibrium and contains a certain amount of unstable defects. These defects can be removed by heating. The rate of their disappearance is a function of the sintering temperature and time. At higher temperatures the disappearance rate of system defects is higher. An effective activated volume can characterize all these processes.
As previously defined parameter C represents the ratio between the starting effective activated volume and equilibrium activated volume and corresponds to the measure of starting system activity ( fig. 3 ). This parameter increases for sintering temperatures between 873 and 973 K, after which it decreases for the remaining two sintering temperatures. The ratio between the equilibrium activated volume and effective activated volume at any sintering point describes the degree of system activity at that moment. This dependence for the analyzed system is given in fig. 4 . With the increase in sintering time for all four sintering temperatures the effective activated volume decreases and gravitates towards the equilibrium value, indicating that for longer sintering times the concentration of defects in the crystal lattice has reached its minimum. It is interesting to note that due to higher values of parameter C the sintering degree for the temperature of 973 K is the lowest, but for higher sintering times it reaches equilibrium values.
Conclusion
The sintering kinetics of real systems has been viewed from the viewpoint of activated volume. A phenomenological equation was defined using this parameter and was successfully applied to an analysis of the sintering kinetics of iron. Values obtained for the process rate constant enabled determination of the process activation energy.
